Abstract. The June 28, 1992, Landers, California, earthquake (Mw=7.3) was preceded for about 7 hours by a foreshock sequence consisting of at least 28 events. In this study we examine the geometry and temporal development of the foreshocks using high-precision locations based on cross correlation of waveforms recorded at nearby stations. By aligning waveforms, rather than trying to obtain travel time picks for each event independently, we are able to improve the timing accuracy greatly and to make very accurate travel time picks even for emergent arrivals. We perform a joint relocation using the improved travel times and reduce the relative location errors to less than 100 rn horizontally and less than 200 rn vertically. With the improved locations the geometry of the foreshock sequence becomes clear. The Landers foreshocks occurred at a fight step of about 500 rn in the mainshock fault plane. The nucleation zone as defined by the foreshock sequence is southeast trending to the south and nearly north trending to the north of the right step. This geometry is confirmed by the focal mechanisms of the foreshock sequence, which are fightlateral and follow the trend as determined by the foreshock locations on the two straight segments of the fault, and are rotated clockwise for foreshocks that occur within the step. The extent of the foreshock sequence is approximately 1 km both vertically and horizontally. Modeling of the Coulomb stress changes due to all previous foreshocks indicates that the foreshocks probably did not trigger each other. This result is particularly clear for the Mw=4.4 immediate foreshock. Since stress transfer in the sequence appears not to have played a significant role in its development, we infer an underlying aseismic nucleation process, probably aseismic creep. Other studies have shown that earthquake nucleation may be controlled by fault zone irregularities. This appears to be true in the case of the Landers earthquake, although the size of the irregularity is so small that it is not detectable by standard location techniques.
Introduction
Perhaps the most convincing evidence that there is a nucleation stage before major earthquakes comes from observations of foreshocks. In a study of foreshock activity worldwide, Jones and Molnar [ 1979] found that 44% of (M > 7) earthquakes are preceded by foreshocks, where foreshocks are classified as any event greater than magnitude 4 that occurs within 100 km and within 40 days of the mainshock. lshida and Kanamori [1978] Foreshocks are of particular interest because of their potential use in forecasting damaging earthquakes and because an understanding of foreshock behavior may help us understand how large earthquakes nucleate. The exact role of foreshocks in earthquake nucleation is not clear. Jones and Molnar [1979] attributed foreshocks to accelerating premonitory creep on the mainshock fault plane. This assumption was used by Ohnaka [1993] who linked the size of the nucleation zone to the region of foreshock activity. Jones [1984] found that the length of foreshock sequences is inversely proportional to depth, and concluded that this relation was due to increasing normal stress with depth. Since increased normal stress lengthens the time from creep onset to failure in theoretical nucleation models [Dieterich, 1978] , a creep mechanism of foreshock generation was judged to be unlikely. Instead, Jones [1984] proposed a model of delayed multiple rupture with the time delay between ruptures, being the time required for static fatigue to bring adjacent patches to the failure point; however, Ohnaka [1992] maintains that earthquakes can nucleate without foreshocks near the base of the seismogenic crust, if the slip-weakening displacement is great enough.
In this paper we study the foreshock sequence of the 1992 Mw=7.3 Landers earthquake. The Landers foreshocks are interesting because they are well recorded and unambiguously associated with a major strike-slip earthquake. By detailed examination of this sequence, we are able to study some aspects of the nucleation process. Our basic data are seismograms recorded by the Southern California Seismic Network (SCSN). These are vertical component velocity seismograms recorded on 1 Hz sensors telemetered to the Southern California Earthquake Center, where they are digitized at 100 samples per second, analyzed, and eventually archived.
We relocate the foreshocks by the method of joint hypocenter determination (JHD) using relative arrival times determined by waveform cross correlation. With this method we obtain relative location uncertainties for most of the foreshocks that are less than 100 rn in horizontal coordinates and less than 200 m in depth. We determine focal mechanisms for 14 of the largest foreshocks and the first of the two immediate foreshocks identified by Abercrombie and Mori [1994] to help confirm the geometry of the sequence and for use in modeling the static stress changes generated by the foreshock sequence. We estimate stress drops of several of the foreshocks using an empirical Green's function technique, and use these to constrain the static stress change modeling. We then estimate the static stress changes resolved on the foreshock fault planes due to the preceding foreshocks. Finally, we use the information obtained from our analysis to evaluate models of earthquake nucleation.
The Landers Foreshock Sequence
The M w 7.3 Landers, California, earthquake was the largest earthquake in a sequence that began April 23 with the Mw=6. Figure 1 , the swarm was adjacent to the southern end of the surface trace of a fault known to be active in quaternary time [Bortugno, 1986] . The second swarm was located midway between the first swarm and the immediate foreshock cluster, approximately on a line defined by the early noah-south aftershocks of Joshua Tree. It was also located near the southern end of the surface trace of a fault known to be active in quaternary time [Bortugno, 1986] . This surface. Using these locations, it is difficult either to assess how close these events are to each other, or to discern any structure in the seismicity that would indicate the foreshocks are occurring on a single fault. Furthermore, the location of three events at the surface is a clear indication that the depths of these events are poorly constrained. Such errors are typical of network locations, and are due to a variety of factors including poor station distribution, inadequate velocity model, and inconsistent arrival time picks.
If only relative locations are required, as is often the case when studying clustered seismicity such as foreshocks, the problems with the velocity model can be minimized by using the arrival times to simultaneously estimate hypocenters, velocity model corrections, and station corrections. If the events are clustered in a small volume, the ray paths from all the events are virtually identical, and almost all the unmodeled velocity structure can be absorbed in the station corrections. We use the VELEST earthquake location program [Ellsworth, 1977; Roecker, 1981] instance, at stations near the P wave nodes for most events, the similarity of the P waves tends to be low and fewer than half of the events are automatically picked. However, the S wave similarity tends to be higher at the P wave nodes, so the lack of cross correlation-derived P wave picks may be compensated by an abundance of cross correlation derived S wave picks. In fact, the algorithm is quite effective at picking S waves. It was able to pick approximately 400 S wave arrivals (about one third of the total arrivals used to relocate the foreshocks). These S wave picks proved essential in constraining the depths of the foreshocks, since with our velocity model, up going rays from the Landers hypocentral region occur at only three stations. It is well known [e.g., Roecker, 1981] We determined improved arrival times by cross correlation for 28 events including the immediate foreshock and inverted these data starting with the previously obtained station corrections and model corrections. Three of the resulting hypocenters were poorly constrained, and these events were removed. The remaining events included all those previously located with network picks plus three events which did not converge with network picks. We inverted the data one more time for station and model corrections and then solved for the locations using the We determined stress drops for the larger foreshocks using the empirical Green's function technique of Mori and Frankel [1990] . For small earthquakes the comer frequency of the displacement spectrum may be controlled by site and propagation effects rather than by the earthquake source. A relatively uncorrupted estimate of the displacement spectrum may be obtained by using a much smaller, similar earthquake as an empirical Green's function to deconvolve the displacement spectrum from the spectrum of the larger earthquake [Mueller, 1985 JHD is joint hypocenter determination.
Mori and Frankel [1990] obtained successful deconvolutions for magnitude 3.4 to 4.4 earthquakes using Green's function events
that were within 400 m of the event epicenters, and with magnitudes at least 1.3 units smaller than the event of interest. For these conditions they estimated an uncertainty of .02 seconds in the half widths of the deconvolved pulses. We found three events of magnitude 1.8 to 2.0 that were within 400 to 500 m of most of the larger events, and used them to deconvolve displacement pulses at five stations within 100 km of the foreshock cluster. Because of the differences in focal mechanisms of the foreshocks, there is more P waveform variation near the nodal planes than near the center of the quadrants. To increase the range of usable events, we used SCSN stations CSP and SIL, which are within the northwest compressional quadrant for all the foreshocks, and stations WWR, VG2, and KEE, which are well within the southwest dilatational quadrant for all the foreshocks. The distribution of stations was also chosen to look for azimuthal variations in the pulse widths that might indicate directivity. By using multiple stations and multiple Green's function events, we could also estimate the reliability of our deconvolutions.
We obtained 30 usable deconvolutions for the seven events listed in Table 2 . Plots of the displacement pulses are shown in Figure 8 . Most of the pulses show little evidence of complexity. The pulses for events 5, 7, 10, and 20 are all single-peaked and symmetric. Some of the pulses for events 17 and 11 show multiple peaks; however, since these features vary significantly from deconvolution to deconvolution, they may be artifacts. The source time function for event 6 shows two distinct pulses on all three deconvolutions, so there may be two sub events in that rupture. There is no systematic variation in the source time functions. The sets of displacement pulses in Figure 8 are arranged so that the northern most stations are at the top of each set and the southern most stations are at the bottom. Since the fault planes strike approximately north-south, directivity effects would show up as a systematic variation in pulse width from top to bottom of each plot. There is a hint of variation in the plots for events 6 and 5. However with only three stations for each event it is hard to be certain that the variation in pulse width is not due to some other factor. In fact, the stations at which we were able to calculate source time functions are not particularly well positioned to observe directivity-induced variations in the source All the events with stress drop estimates are in the fault jog. Although these stress drops might not be appropriate for events well to the north or south of the jog, those more distant events have a very small effect on the static stress changes that we calculate for events in the jog, and with the exception of event 1
are not used.
Spatiotemporal Development of the Foreshock Sequence
For purposes of discussion we have divided the foreshocks into six groups. The group 1 foreshocks began in the hypocentral ' region weeks before the mainshock, and the mechanical relation of these early foreshocks to the eventual mainshock is unclear. Figure 9 shows the three early occurring foreshocks to be farther south than most of the other foreshocks. Their only obvious connection to the rest of the sequence is that they occurred on The lull in activity was interrupted by three events (group 3) that occurred over a 23 minute time span. These events were scattered around the periphery of the group 2 activity. After these two clusters of activity, there were about 2.5 hours of quiescence at the M>2.0 level. Then, approximately 2.3 hours before the Mw=4.4 immediate foreshock, a series of five events occurred, extending the sequence farther south from the jog (group 4). This was followed by about 1 hour of quiescence, three events in the jog (group 5), nearly another hour of quiescence, and then, in a 20 rain period, the last three foreshocks (group 6) including the Mw=4.4 immediate foreshock.
Static Stress Changes
We used a dislocation modeling program [Erickson, 1987] to model the stress change expected on the foreshock fault planes due to the previous foreshocks in the sequence. We performed these calculations using only foreshocks with Moe > 2.6. These larger events have better constrained locations and larger source dimensions, so the Coulomb stress change results are less 
Here a is the radius of the fault, and r is the point at which slip is evaluated. All the foreshocks were modeled as vertical strike-slip earthquakes with strike direction based on the focal mechanism for that event. The fault plane for each foreshock was discretized on a 21x21 grid with displacement on each element scaled according to the relation given above. The stress tensor due to the cumulative dislocation of the preceding events was calculated on a 21x21 grid superimposed on each foreshock fault plane, and at each grid point, the shear tractions resolved in the direction of slip and normal to the fault plane were determined from the stress tensor after Beroza and Zoback [ 1993] . From these we calculated a Coulomb failure criterion F = r s --]./00'n .
Here r s is the shear traction increase, o' n is the normal stress increase, and /•0 is the coefficient of friction. F values greater than zero imply that the fault is moved closer to failure by the change in stress. On the basis of the stress drop estimates of a previous section, we decided to model the static stress changes using uniform stress drops of 1 and 3 MPa. The average values are presented in Table The geometry of the foreshocks' and their focal mechanisms is consistent with fight-lateral creep having occurred on the two fault segments bounding the jog. Segall and Pollard [1980] showed that right-lateral earthquakes occurring within a dilatational jog should have a clockwise rotation of focal mechanisms due to the local perturbation to the stress field from slip on the adjacent fault segments. The first events of the immediate foreshock sequence (group 2) occurred in the jog and were rotated clockwise relative to the strike of the seismicity outside the jog. if the rotations are due to a local stress perturbation, then there must have been some slip north and south of the jog prior to the foreshock activity. A search of the SCSN catalog from 1981 revealed just two events of ML > 2.5 within 2 km of the jog, and both of those were to the southeast and nearly 2 km distant. Thus the loading of the jog, if it occurred within the 11 years prior to the Landers earthquake, is likely to have been by aseismic creep. An alternative explanation is that the focal mechanisms are controlled by preexisting fault geometry. Ohnaka [ 1992] has proposed a theory of foreshock generation in which foreshocks result from failure of asperities loaded by accelerating premonitory creep. In this model, earthquake nucleation begins at a point on the fault where resistance to rupture growth is a minimum. Quasistatic creep begins there and grows outward until a critical dimension is achieved at which point resistance to further growth is exceeded by the stress change, and dynamic instability begins. In this model, foreshocks occur at asperities within the nucleation zone, and as the nucleation zone grows with time, the zone of foreshocks may also grow.
The Landers foreshocks were concentrated within a releasing fault jog, a weak point on the fault because of reduced normal stress. In this respect they are consistent with the Ohnaka model. If it is true that they were driven by aseismic creep, then this is also consistent with Ohnaka's model. However, there are notable inconsistencies between our observations and the behavior this model predicts. For instance, the group 1 events occurred near the southern end of the foreshock zone, yet they were the first events of the extended foreshock sequence. This is inconsistent with a model in which creep nucleates at the fault jog and expands from there. We could argue that since the group 1 events occurred days before the mainshock, they are not genetically related to the rest of the foreshocks. However, they occurred on the same fault plane as most of the other foreshocks, and foreshock number 12 actually occurred south of foreshock number 1, so it seems likely that the group 1 events were part of the nucleation process. Group 1 events aside, there is still very little indication that the zone of foreshocks expanded with time as predicted by the Ohnaka [1992] model. The group 2 events, which started the immediate foreshock sequence, span an area (in profile) that is over half that spanned by the entire sequence. In other words, the foreshock zone either did not grow significantly with time as required by the Ohnaka model, or else it expanded aseismically. These inconsistencies may reflect the difficulty of applying a twodimensional theory of nucleation to a fault with threedimensional geometry.
Other earthquakes have been observed to nucleate on or near a geometric complexity of a fault. For instance, Bakun et al. [1980] gave several examples of central California earthquakes which nucleated near fault bends. Jones et al. [1982] concluded that the 1975 Haicheng (ML=7.3) earthquake probably nucleated at an en echelon fault step. Jones [1984] showed that of seven California earthquakes with foreshock sequences, four of the earthquakes were associated with fault zone discontinuities, and the other three were possibly associated with fault zone discontinuities. Lindh et al. [1978] observed a change in the ratios of P wave amplitudes to S wave amplitudes between foreshocks and aftershocks for three California earthquakes, which they attributed to a systematic change in stress or fault orientation in the source region.
Our results for the Landers foreshocks and results from the studies cited above suggest that fault zone geometry can be an essential factor in earthquake nucleation. Such geometry can be easily missed, if the size of the irregularity is less than the uncertainties in the hypocenter locations. More high-resolution studies of foreshock sequences should reveal if rupture nucleation is commonly associated with fault zone discontinuities. If earthquakes often nucleate at strength heterogeneities, then it may be necessary to include the effects of three-dimensional fault structure in realistic models of earthquake nucleation.
Summary
We have relocated 24 foreshocks and the immediate foreshock to the 1992 Landers Mw=7.3 earthquake using P and S wave picks determined by waveform cross correlation. The relative event locations have 2c• uncertainties which are less than 100 m horizontally and 200 m vertically for most events. The relative locations clearly define a near-vertical fault striking approximately 330 ø with a right step of about 500 m. The geometry derives independent support from focal mechanisms determined for 15 of the largest events. All focal mechanisms are predominantly right-lateral strikeslip on vertical planes with strikes that follow the trend of the seismicity. Within the jog, the focal mechanisms rotate clockwise, which is consistent with the expected rotation of the stress field for a right-stepping jog on a right-lateral fault [Segall and Pollard, 1980] . Stress drops were determined for six events in or near the jog, and these are all of the order of 1.0 MPa. The immediate foreshock sequence is discontinuous with five distinct temporal clusters and one quiescent period of about 2.5 hours. The first two of these clusters results from the failure of the jog, and the third from extension of the sequence along the southern segment. The final two clusters, which include the Mw=4.4 immediate foreshock to the mainshock, show no systematic relation to the previous seismicity. Modeling of the Coulomb stress change caused by previous foreshocks resolved on the foreshock fault planes suggests that the sequence was not driven by the stress changes caused by the foreshocks alone. We suggest that the foreshock sequence may have been driven by aseismic creep over the nucleation zone, which is at least as large as the foreshock zone, and that the foreshocks themselves punctuate this larger process. The close association of the Landers foreshocks with the jog in the Johnson Valley fault indicates that the jog may have strongly influenced the nucleation process. If future high-resolution studies of foreshock sequences show that geometric complexities are involved, then it may be necessary to include such complexities in models of rupture nucleation.
